A large percentage of apples are wasted each year due to damage such as bruising. The apple journey from orchard to supermarket is very complex and apples are subjected to a variety of static and dynamic loads that could result in this damage occurring. The aim of this work was to use a novel ultrasonic technique to study apple contact areas and stresses under static loading that may occur, for example, in bulk storage bins used during harvesting. These results were used to identify load thresholds above which unacceptable damage occurs. They were also used to validate output from a finite element model, which will ultimately be developed into a packaging design tool to help reduce the likelihood of apple damage occurring.
INTRODUCTION
Apples experience a very complex journey from the tree in an orchard to the supermarket shelf (as shown in Figure 1 ). At various stages on this journey they undergo a number of processes, including harvesting, packing, sorting, storage and transport. During these processes the apples experience a variety of loading conditions, the two main types being static and dynamic, which possibly cause damage. The dynamic loading may be a single impact, which may occur during harvesting as they are dropped into the picking buckets, or a vibration, which could occur during transportation. The typical static loads and drop heights, where known, are shown in Table 1 . This data was obtained both from direct measurements of harvesting and sorting equipment and from previously published literature.
Peggie [2] found that 8-10% of apples were wasted each year and the major cause of this wastage has been identified as being bruising [3] , which is generally defined as damage to and discolouration of apple flesh, usually with no breach of the skin [4] (a visible bruise threshold of 100mm 2 is a typical value used in industry for determining which apples should be discarded due to damage (referred to in [5] and [6] )). More recent data from apple distributors, however, has shown that the wastage figure could be 50% or higher. This represents a large cost, not only borne by various parties involved in the journey of the apple from orchard to supermarket, but also by the supermarket, as a significant number of apples are damaged in store (for example, while being put out on display).
The physical loads that a fruit experiences have their primary consequences on the membrane systems of individual cells, which make up the apple flesh [4] (see Figure 2 ). An important role of the membranes is to keep the liquid constituents separate. When a plant part experiences physical injury its membranes are damaged and are no longer able to do this. As a result, damage can allow the mixing of enzymes from the cytoplasm with molecules (called 3 phenolics) from the vacuole and the resulting reaction causes the brown coloration associated with a bruise.
Many studies of apple bruising have been carried out using a variety of techniques, such as compression and drop tests with apples to study bruise formation [6] [7] [8] [9] . Dynamic tests have also been undertaken with instrumented spheres to determine loads during apple sorting [5] .
Results, however, are very difficult to interpret and compare, and are of little use to apple distributors or sellers in reducing losses due to bruising. This work is part of a wider project aimed at providing such information in a user-friendlier format.
The aim of the work outlined here was to use a novel non-invasive ultrasonic technique to study static apple contacts, as experienced, for example, during storage in bulk bins, to determine the area of contact and interfacial pressure. The nature of the resulting bruising was also examined in order to find load thresholds at which unacceptable damage occurs. The ultrasonic results were then used to validate the output from a Finite Element (FE) model of an apple, which will ultimately be used as a design tool for improving apple packaging and reducing waste.
BACKGROUND Apple Contact Area Measurement
Previous attempts at measuring fruit contact areas and pressures have used a variety of techniques. Hertz contact analysis has been applied to study orange contacts [10] . This however, has limitations due the assumptions made in its derivation, especially for materials as complex as fruit flesh.
Herold et al.
[9] used a commercial tactile sensing system to study 'Jonica' apple contacts.
This consists of a thin flexible plastic film containing a grid of sensitive material. This had disadvantages, which limited the accuracy of the results. It is an invasive technique, so the measurement system affected the contact conditions and it proved impossible to calibrate the results to obtain actual contact pressures, so no actual pressure data or contact area was presented. Load thresholds were identified, however. These occurred at around 40 and 100N.
At these points dips were observed in the force-time plots presented. Despite the deficiencies (affecting the contact and the lack of calibration) this technique is actually used by distributors to look at relative loads in their apple containers.
Rabelo et al.
[10] used a board of micro-switches 0.5mm apart to measure areas in orange contacts. These were compared with measurements for rubber spheres and validated with rubber sphere contacts observed through an acrylic plate. Apart from the fact this technique was invasive, it was also relatively crude with low resolution.
The ultrasonic technique, which has been used to study a number of machine element contacts [11-13], has several advantages over the techniques outlined above. It is noninvasive and so will not affect the contact and it is possible to calibrate the results to obtain contact pressures.
Apple Finite Element Analysis
Finite Element (FE) techniques have been used previously to investigate modes of vibration in apples [14] and to study transient responses of apples to impulse excitations to determine factors influencing sonic measurements [15] . These are used to ascertain apple firmness, which is a good indication of how ripe an apple is. No work has been reported using FE to investigate contact stress and areas.
In the initial study different properties were assigned to each region of the apple (skin, flesh and core), as shown in The properties shown in Table 2 were taken from tests using actual apples carried out by Abbott & Lu [16] and Mohsenin [17] . These indicated that the elastic properties of the apple flesh varied according to load orientation and position in the apple (flesh data in Table 2 has been averaged). Failure stresses were also determined for the flesh and these also varied with position in the apple. Typical values were around 0.40-0.51MPa, although, as with all properties, these varied with the relative ripeness of the apples. The greatest failure stresses were found for medium ripe apples (levels of relative ripeness were based on harvest time and appearance).
In both studies described above a simplified shape was assumed for an apple (see Figure 3 ).
These were created using the four parameter model of Mustafa & Stout [18] . One half of the cross-section is an incomplete ellipse, which is described by the following equation: 
In the work described here, as analysis of contact stresses and areas was being carried out, which are extremely sensitive to geometry, an actual apple form was generated using laser scanning.
ULTRASONIC MEASUREMENTS
When a wave of ultrasound is incident on an incomplete interface between two materials it 6 will be partially reflected (as shown in Figure 4 ). The proportion of the amplitude of the incident wave that is reflected is known as the reflection coefficient, R.
It has been shown that the reflection coefficient can be defined in terms of the interfacial stiffness, K, using a spring model of the interface (where the materials in contact are similar) [19] :
where ω is the angular frequency (= 2πf) of the ultrasound wave and z is the acoustic impedance (the product of the wave speed and density). Tests at low pressures using typical machined surfaces showed that the contact pressure is proportional to the interfacial stiffness [20] . This means a simple calibration can be carried out to relate the two parameters.
Ultrasonic Apparatus
A spherical focusing 10MHz transducer was mounted in a water bath such that the ultrasonic wave was focused at the apple interface. Ultrasonic waves were generated and received by an ultrasonic pulse-receiver (UPR). The reflected signals were captured on a digital oscilloscope and passed to a PC for processing. A schematic illustrating the set-up of the equipment is shown in Figure 5 .
The transducer was positioned using an x, y stepper controlled by the PC. This enabled ultrasonic readings to be taken using the transducer over an area at prescribed intervals (i.e. a C-scan). The dimensions and resolution of the scan could be varied and selected according to specimen geometry and the accuracy required. Focusing height adjustment of the transducer was achieved manually.
Apple Specimens and Experimental Parameters
'Golden Delicious' apples were used for the tests. This variety was chosen because it has a pale skin, which means any discolouration due to bruising is more evident. Sugar content and firmness tests were carried out on the apples prior to distribution, which enabled apples with consistent properties to be used in the tests. A purpose built spherometer was also used to measure the radius of curvature of the apples to enable Hertz predictions of the contact area and peak stresses to be calculated.
Loads used in the tests ranged from 2N to 100N. These are typical of loads experienced by apples in bulk storage bins [1] . Apple deflections at each of the loads were recorded.
Scanning procedure
An apple was placed in the loading apparatus, as shown in Figure 6 . A compressed spring arrangement was used to load the apple against a perspex counterface. Perspex was used as it has a similar acoustic impedance to that of the apple (z = ρc, where ρ is the density of the material and c is the speed of sound in the material) (z is 0.18 for perspex and 0.15 for water [21] ), which improves the quality of the ultrasonic measurements and is typical of materials used to manufacture apple storage bins. The transducer height was then set to scan the apple/perspex contact. The ultrasonic wave is refracted at the water/perspex interface. The height of the transducer required to focus the wave on the interface was calculated using
Snell's law of refraction [22] . A scan was then taken of the contact area. The load was then increased and another scan taken, until the full range of loads to be tested were complete.
A reference measurement was taken at a point away from the contact to determine the proportion of the ultrasonic signal lost due to attenuation in the perspex. The reflected pulses from the apple/perspex contact were then divided by the reference recording to obtain reflection coefficients.
Calibration
In previous studies, the calibration of reflection coefficient to interfacial stiffness has been carried out using simple specimens of known contact area, made from the same materials as the components under investigation [12, 13] . With apples, however, this was impossible. In this case a different approach was used.
The total applied load (P) is equal to the sum of the pressure for each cell (p) in the scan multiplied by the area of the cell (dA):
The contact pressure was assumed to be proportional to the stiffness (K) (where c is the constant of proportionality) giving:
The applied load for each scan, P, was known and the total stiffness was determined from the reflection coefficient values using the spring model (Equation 1). The constant c was then calculated for each scan for the first apple. It was found that c was very similar for each scan proving that K is proportional to p for this case. Values of c were found to be very similar for the subsequent apples so the value determined for the first apple was used for all calibrations.
Results
Examples of ultrasonic scans are shown in Figure 7 . As would be expected, the contact area increases with load applied. In all scans, the maximum pressure is at the centre of the contact, and the pressure falls away towards the edge. The maximum stress in the contact remains at a level of around 0.5MPa for all loads. The area of the contact at this peak value, however, rises as the load is increased. This suggests that the apple flesh reaches its failure or yield point at this stress.
It was interesting to note that the damage caused in the ultrasonic testing, while resulting in a dent on the apple surface, did not lead to any discolouration. This is nothing new, but is not often reported. Peeling back the skin revealed that some browning of the flesh was evident, the area of which was much smaller than that of the dent. The significance of this will be discussed further on. indicate that at loads above around 35N, the contact area will be over this threshold (although as noted above the area of discolouration is smaller and so would go through the threshold at a higher load).
Also shown on the plots are the Hertz approximations for contact area. These were calculated assuming an elliptical contact (for equations see reference [23] ) with the values of radii of curvature measured using a spherometer (these were typically in the range 30 -50mm, an average was used in the calculations).
The Hertz predictions compare quite well with the ultrasonic results. However, the peak stresses predicted by Hertz analysis are of the order of 2-3 MPa, which is well above that determined by ultrasonic measurements. Hertz analysis is only valid for elastic contacts though, which would explain this discrepancy.
As mentioned earlier, bioyield points for apple flesh have been observed (for 'Jonica' apples)
at loads of approximately 40N and 100N [8] . In terms of the data collected here, it would be expected that at a bioyield point the contact area would be larger and that the proportion of the contact at the yield stress would increase significantly. If the results for specimen 4 are isolated and the proportion of the contact at the yield stress (0.5MPa) is plotted (as shown in Figure 9 ), it is possible to see such increases at loads around the values measured previously.
The proportion of the area at the yield stress indicates that the 'bruise' area should be a lot lower than that of the contact area if it is assumed that apple flesh above yield will be damaged enough to discolour. This was seen after peeling back the skin on the apples tested here and has been noted before in previous investigations of dynamic apple-to-apple contacts [24, 25] . For apple specimen 4, just considering the area of contact at yield would bring the threshold load up to around 80N, so clearly using the contact area would give a very conservative estimate. It is likely that the real bruise area will be somewhere between the contact area and the area of the contact at yield.
FINITE ELEMENT ANALYSIS

Mesh Construction
In order to use the geometry of an actual apple in the FE modelling, a laser scan was created of a 'Golden Delicious' apple, which was then imported into ANSYS LS-DYNA software (Version 8) to create a mesh. The apple used for scanning is shown in Figure 10a . The apple was sprayed its magnaflux spot check SKD-S2 developer to provide a reflective surface for the laser scanner. The geometry of a real apple is complex and non-symmetrical so the volume was free meshed with tetrahedral elements, as shown in Figure 10b . It was found that a density of 17000 elements was sufficient to accurately represent the apple geometry and also allowed the model to be solved with the resources available.
To simplify the modelling, isotropic properties were assumed, as they have been in most previous FE studies of apples [14, 15] . A Young's modulus of 4MPa was used, as determined for 'Golden Delicious' flesh in the appropriate region of the apple by Abbot & Lu [16] . The data in Table 2 illustrates how the Young's Modulus actually varies between the various parts of an apple. Abbott & Lu [16] have also shown that the properties of apple flesh vary in different parts of the apple and are different if loading is applied from varying directions.
Linear elastic material properties were also assumed, and while this is probably not valid for apple flesh, this is how it has been modelled in previous work [14, 15] , so as a first attempt it was thought reasonable. A sensitivity analysis could be carried out on the flesh properties to ascertain their influence on the results, but was not done as part of this work.
To replicate the loading in the ultrasonic apparatus, the apple was placed between two plates (the top plate with the properties of Perspex and the bottom those of steel). The bottom plate was fixed and the top plate was displaced to achieve the desired normal load on the apple, as shown in Figure 11 . Loads of 30, 50, 80 and 100N were applied and contact areas and maximum contact pressures determined.
Results
The results of the FE modelling are shown in Table 3 . The contact pressure from FE analysis for an apple/perspex contact at 100N is shown in Figure 12 . As can be seen the spread on contact pressure is not uniform. This may be because an actual apple geometry has been used and the surface waviness has caused the interface pressure to be fragmented at this load. The maximum contact pressure is about 0.65MPa, which is slightly higher than the value determined in the ultrasonic testing, also, as shown in Table 3 , the maximum stress continues to increase as the load is increased. This is because of the assumptions made regarding the properties of the apple flesh, such as linear elastic and isotropic properties, but it is not clear to what degree. Figure 13 illustrates how the contact evolves as load is increased.
DISCUSSION
Contact Areas and Pressures
The ultrasonic scans showed that the contact pressure was highest at the centre of all the contacts, falling away towards the edge (as shown in Figure 7 ). This differs from those of previous investigations. Measurements carried out by Herold et al.
[9] using a commercial tactile sensing system showed that up to a certain load this was the case, but above the greatest pressure was at the edge of the contact. This critical load was thought to correspond to the bioyield point [17] . There are obvious differences between the two techniques, the commercial tactile system is invasive and could not be calibrated accurately, and of course, different apples were used ('Jonica' apples), which will have different yield points.
It was clear in the ultrasonic scans that the maximum contact pressure was not increasing with applied load. This implies that the maximum value determined was that at which the apple flesh was yielding. The value of peak pressure observed, was 0.5MPa. This fits in well with measurements of 'Golden Delicious' apple flesh failure stress recorded by Abbott & Lu [16] of 0.40-0.51MPa.
Analysis of the proportion of the contact area at the failure stress at each load revealed that possible bioyield points could be identified (see Figure 9 ). The points identified correspond to those found in previous work [7] . 13 Contact areas increased with applied load (as shown in Figures 7 and 8) . The threshold load of 35N for damage above 100mm 2 (the industry standard), may be conservative. Contact areas are likely to be larger than bruise areas, but as yet no relationship has been determined.
Previous work on apple-to-apple contacts [24, 25] has shown that measured surface areas may be up to 25% higher than the actual bruise area. In this work, the level of damage is probably better reflected by the area at peak contact pressure. This area also increased with applied load, but did not reach 100mm 2 until the load was over 80N (see Figure 9 ).
Comparing the contact areas for the ultrasonic measurements and FE, there is quite good correlation (as shown in Figure 14 ). This is despite the fact it is unlikely that apples used in ultrasonic measurements had the same values of mechanical properties as those used in the finite element modelling and they certainly did not have exactly the same geometry.
Peak stresses were also of the same order of magnitude at 0.4-0.7MPa for the FE and 0.5MPa for the ultrasound. However, the values for FE increased with rising loads because of the assumption of linear elastic material properties. The results, however, give a measure of validation for the FE model, despite its inadequacies. Clearly it can be improved by introducing elastic-plastic properties and by modelling the skin and core as separate entities to the flesh and perhaps by actually modelling the cells that make up the apple flesh.
In its present form, however, it could still prove a useful tool in assessing the effect of packaging media on contact stresses and help in designing packaging to reduce the likelihood of bruising occurring.
Apple Bruising
No discolouration was seen in the bruises on the test apples (this may have been because insufficient aging time was allowed -quite often discolouration does not occur until 24 hours after the loading event). This suggests that, although the apple flesh cells were crushed, this did not lead to breaking of the cell walls. Work on visual inspection of fruit by buyers [26] suggests that size of damage is not the most important factor, and that the visual impact of the fruit is more influential. This implies that if damage is present, but not immediately obvious, then the buyer's decision will not be affected. If, therefore bruises are unlikely to occur at the static loads encountered in a bulk bin, then this may not be a problem. There must be a threshold size, however, over which the buyer will discard an apple regardless of whether discolouration is obvious or not.
A strong correlation has been observed between bruise volume and energy absorbed for both dynamic impact loading and quasi-static loading (continuous load increase at very low velocity) of 'Granny Smith' apples [5] . This work concluded that apple flesh more easily bruised by slow compression, for the same applied energy.
Energy applied in the static tests carried out in this work was calculated from the deflection data measured during testing. A typical force deflection plot is shown in Figure 15 . The energy is simply the area under the curve. The contact areas were then plotted against energy and compared with bruise areas from dynamic (drop) tests also carried out with 'Golden Delicious' apples [27] (see Figure 16) . A high speed video camera was used in the dynamic testing to allow apple velocity before and after impact to be determined in order to calculate the energy absorbed during the impact. Typically bruise volume is plotted against energy, but as it is the area that a consumer will see, in this case bruise area was used.
As can be seen, in this work dynamic, rather than statically loaded apples, exhibited larger bruise areas (bruise volumes were also higher). It should be noted that the dynamic measurements were of actual bruises not contact areas so the difference between static and dynamic in terms of bruise area is probably larger.
As mentioned above, a relationship between contact area and bruise area has yet to be determined in this work. It could be that the static bruises are actually larger, but calculation of bruise volume for the statically loaded apples was inhibited by the lack of discolouration seen. This in itself is quite revealing as it indicates that the cell walls may not been breached and the contained enzymes that, when mixed, cause the discolouration, are still being separated.
In the work of Holt [5] the cell walls had clearly been broken down. This may have been due to slight differences in the type of loading used and the fact that a different apple type was used ('Granny Smith'). Apples were loaded quasi-statically in a hydraulic test machine, i.e.
the loading was increased continuously to the maximum rather than the very slow incremental approach used here, where apples remained at each load for a long time, while ultrasonic scanning was carried out. The slower incremental approach is perhaps, however, more representative of the type of loading experienced by apples in storage, where loads will increase very gradually as more apples are added to a storage bin, for example.
Holt [5] hypothesised that the two different failure mechanisms identified for cellulose micro fibrils in the apple cell walls identified previously [24] resulted in the different bruise volumes found for dynamic and quasi-static loading. It was reported that the microfibrils can fail by straightening out and slipping relative to each other or by straightening out and breaking [28] . Holt [5] postulated that under quasi-static loading the fibrils will straighten and slip and for dynamic loading will straighten and snap, much like a slack rope might when suddenly loaded. This suggests that the failure process may be linked to the rate of energy application rather than the amount of energy and in that case bruising should be higher for the dynamic case. The slipping may not necessarily lead to failure, which could explain the lack of discolouration seen in the static tests reported here and the smaller resultant bruises.
Clearly, given the apparent lack of clarity, there is a need to do some more complex studies, perhaps FE analysis of the apple flesh structure at a cellular level to gain an improved understanding of what is actually happening. Some work has been carried out in this area using an imaging technique for predicting individual cell damage and bruise volumes [29] .
CONCLUSIONS
A novel ultrasonic technique has been used to characterise areas and pressures in apple to perspex contacts. Results differ from those using an invasive commercial tactile system, where peak stresses were seen to migrate from the centre of the contact to the edge above a critical load. The failure stresses determined in the ultrasonic results, however, compare well with previous measurements and this, combined with knowledge of the behaviour of more conventional sphere on flat contacts predicted by elastic contact theory, suggests that they appear more reliable.
To back this up the ultrasonic results compare well with those from finite element modelling using a mesh generated using an actual apple geometry generated by a laser scan. This model has a number of simplifications, including isotropic properties, and therefore could be improved by considering the skin and core to be separate entities to the flesh and assigning more realistic properties to these parts or by modelling the actual cells that make up the apple flesh. It is clear though that the model presented here still has the potential to be used a design tool for assessing packaging material and designs to help reduce the likelihood of damage occurring.
A load of 35N was identified above which the contact area was higher than 100mm 2 , which is the industry standard for discarding apples. This was thought to be conservative, however, as actual damage is not likely to be equal to the area of contact. A threshold would be better defined as the area at the peak pressure (flesh failure stress) within the contact, which did not reach 100mm 2 until a load over 80N is applied.
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